The Andean South is one of the poorest regions of Peru. Only 44% of the rural inhabitants of this area have electricity. This paper describes an investigation into the technical and financial feasibility of stand-alone photovoltaic systems in this region. The feasibility study was undertaken for a typical village of Andean South. The village of Churrubamba Alta in the province of Andahuaylas, departamento de Apurimac (department of Apurimac) was selected. The TRNSYS software tool was used for performance analysis and identifying the optimal size of the system. The feasibility study showed that the best option is a 13.7 kW PV array and 180 kWh battery bank for the daily supply of 42.2 kWh electricity to 62 households and a community centre. The financial analysis demonstrated a net present value of US$186 918, internal rate of return of 28%, payback period of 4.3 years and levelised cost of electricity of US$0.30 per kWh e .
Introduction

Renewable Energy Resources for Rural Electrification
Energy is recognised as a crucial driving force for human well-being and a country's economic development. Humans use energy in different forms in almost every facet of their lives. One type of supply energy is electricity which is the most widely used and is expected to grow rapidly in the coming years. About 1.3 billion people do not have access to electricity and 84% of them are in rural areas (International Energy Agency [IEA], 2011) . In rural areas of developing countries, electricity is used mainly for two purposes, residential and small-scale productive uses (Cabraal, Barnes, & Agarwal, 2005) . Rural electrification is the key to promote better quality education, income, health and social development of poor areas (Mathur & Mathur, 2005) .
The lack of access to electricity in developing countries is a result of the characteristics of rural areas. One common pattern is the low and varying amount of electricity consumption between inhabitants of the same village. While a few households may consume large amounts of electricity, the majority consume small amounts. Moreover, there is little data about rural energy consumption which increases the complexity in the energy system modelling for rural areas (Morante & Zilles, 2008) . Strong dependence on centralized energy systems and the high investment required for transmission and distribution grids increases the cost of delivering electricity, making it unaffordable for rural inhabitants. In order to make electricity affordable and accessible, it is important to explore alternative power generation and distribution systems. Decentralized systems are mostly based on renewable energy sources which operate at a smaller scale and are easily accessible to remote locations (Kaundinya, Balachandra, & Ravindranath, 2009 ).
water pumping, desalination, health and leisure services) is connected (Martinot, Chaurey, Lew, Moreira, & Wamukonya, 2002) .
Traditionally, mini-grids for rural electricity are based on diesel engine or small hydropower plants. A reduced number of installed mini-grids are based on wind energy conversion systems (WECS), photovoltaic (PV) panels and hybrid systems. These technologies have not experienced rapid adoption due to high upfront costs in comparison with diesel engine mini-grids. However the cost of PV and WECS are decreasing while increasing system efficiency (Martinot et al., 2002) .
Rural Electrification in Peru
Since 1990, Peru has adopted neo-liberal market reforms in the electricity sector. With the introduction of the Law of Electric Concessions, the electricity coverage increased rapidly from 57% in 1993 to 82% in 2010 (Direccion General de Electrificacion Rural [DGER] , 2010). However, this growth was concentrated in the urban areas (Cherni & Preston, 2007) . This is a reflection of the inequalities present in Peru. The wealth and western modernisation is located mainly along the coast of the country. In contrast, the Amazonian and Andean regions, where the majority of the population is indigenous and live in rural areas, have been neglected for several decades.
The national rural electrification coverage has grown from 7.7% in 1993 to 55% in 2010. This low electricity coverage is a result of the conditions of the rural areas such as inaccessibility of villages, reduced unit consumption, scattered homes and households' low purchasing power. In addition, in rural areas, road, health, education, sanitation, housing and agricultural infrastructure are low or nonexistent. The combination of these factors has resulted in the isolation of the rural population and economic infeasibility of centralised grid electricity projects (DGER, 2010) .
In 2002, the government introduced the Law for Rural Electrification (LRE) as a result of the failure to increase electrification coverage in rural areas. However, this law and the consequent "National Plan for Rural Electrification" (Plan Nacional de Electrificación Rural [PNER]) have been criticised by different stakeholders for the absence of a strategic approach (Cherni & Preston, 2007) . The LRE set the starting point to deliver feasible projects for rural electrification. The LRE declared rural electrification to be a 'national necessity' and the use of renewable energy resources to be in the 'national interest'. Neither the LRE nor PNER fixed a specific target for renewable energy in the energy mix of new projects. However, the selection criterion for rural electrification projects provides the highest ranking to projects based on renewable energy.
Rural Electrification in the Andean South
The Andean South region is located from 12.05˚ to 18.38˚ latitude south and 68.54˚ and 75.99˚ longitude west (Servicio Nacional de Meteorologia e Hidrologia [SENAMHI] & Ministerio de Energia y Minas [MEM], 2003) . It includes the Departments of Huancavelica, Ayacucho, Cuzco, Apurímac and Puno. This region is the second poorest in Peru after the Andean North. The economy of the region is based mostly on subsistence agriculture where the main crop is potato. More than half of the population (55%) lives in rural households of which nearly 70% are poor, and about 38% are extremely poor. The monthly expenditure for an average rural Andean South household is US$108 (S/.292) (S/. = Peruvian Nuevo Soles) while the average rural national expenditure is US$179 (S/.482). The poorest region, Andean North, has an average rural household expenditure of US$100 (S/.271) (Meier, Tuntivate, Barnes, Bogach, & Farchy, 2010) .
The percentage of rural households with access to electricity in the Andean South is 44% (Meier et al., 2010) . This coverage ratio can be increased by using renewable energies in isolated areas where the grid extension is not financially feasible. The Andean South has several renewable energy resources such as solar, wind and hydro. The Andean South is the region with the highest available solar radiation over Peruvian Andes averaging 5. In rural Peru, mini-grids mainly based on hydropower and diesel generators have been implemented (Williams & Simpson, 2009) . Home systems based on PV-battery and WECS-battery have also been installed in remote villages (Cherni & Preston, 2007) . In a rural electrification project in Cajamarca, a combined system based on individual and micro-grids, WECS were proven to be the most efficient (Ferrer-Martí, Garwood, Chiroque, Escobar, & Coello, 2010) .
The aim of this paper is to assess the technical and financial feasibility of rural electrification projects based on stand-alone photovoltaic systems for the Andean South region of Peru. According to the literature accessible to date, no stand-alone photovoltaic mini-grid has been installed to provide electricity to poor rural inhabitants in Peru. Moreover, the subsidies provided by the Peruvian government do not include stand-alone mini-grids. Subsidies are not provided due to the limited experience of the World Bank with this type of project and lack of research on this topic in Peru. It should be noted that the World Bank is one of the major stakeholders in the development of the subsidy strategies for rural electrification in Peru.
Method
A major task in the design is the optimisation of the system size to minimise the life cycle cost. With an optimum set of components, the system may be able to compete financially with conventional technologies, such as a small diesel generator mini-grid or the extension of the national grid. Using a bottom-up approach, the first step is the selection of a typical locality in the Andean South region. All the steps required to evaluate the feasibility of this system in the Andean South are studied using this representative locality. The evaluation can be divided into two parts: the technical analysis and the financial analysis. For this study, a village was selected using the Geographic Information System of the Peruvian National Plan for Rural Electrification (DGER, 2012) . This system provides information about rural villages classified according to their status of electrification. The system provides geographic coordinates and the number of households for every village.
Technical Analysis
The first task was the assessment of the renewable energy resources at the site using reliable meteorological data. Then the electricity demand was determined based on the peak power consumption and daily total load. The renewable energy resources and the electricity consumption were the input for the selection of the system components under a specific system configuration. A parametric method was used to provide a starting point for the simulation of the energy system. TRNSYS simulates the system performance for different system sizes and component specifications. Finally, the optimum size for the system was found through the minimisation of a function using GenOpt  , a computer tool compatible with TRNSYS. The objective function was the life cycle cost (LCC) of the main system components. Constraints were also considered.
Computer Software Tool TRNSYS was used for the simulation and GenOpt
 was used for the optimisation of the system. Table 1 shows the various TRNSYS components used in this project. For detailed mathematical descriptions, the reader may refer to TRNSYS 16 User Manual (Klein et al., 2006) . (Gansler, Klein, & Beckman, 1994 ). This information is mostly available only for main coastal cities and airports. This document was used to check the reliability of the data obtained from NASA.
The design of systems using renewable energy requires hourly data for simulation to obtain better assessment of the system size than the rule-of-thumb method (Zhou, Lou, Li, Lu, & Yang, 2010) . The generation of hourly data from the monthly average values obtained from NASA was done using the Type 54-Weather Generator. The selection of the slope that maximises the solar power generation from the photovoltaic panel is an important parameter for a PV system. The slope that maximises the power output over the year produced by the PV panel is similar to the latitude angle of the site (Grainger, 1990) . The optimal value for the slope was identified using GenOpt  .
Typical Annual Load Profile for the Project
The load profile can be obtained through national statistics, studies or surveys. When no reliable statistics are available, it is necessary to make assumptions and calculations. In order to obtain figures of the studied settlement, the first step was to consult the last national census (Instituto Nacional de Estadisticas e Informatica [INEI], 2007) . Formal studies about the electricity consumption in the studied location, like the one performed by Meier et al. (2010) , were also taken into consideration. The electricity required depends on the type of appliances that are connected and their duty period. From this information, the peak power and load profile were estimated. The peak load was estimated using the average consumption for electric appliances in Peru (MEM 2012) and electrical appliances existing in South Andean households (Meier et al., 2010) . The assumption on hours of service and load trend was made by referencing similar rural electrification projects (Casillas & Kammen, 2011; Dimas, Gillani, & Ans, 2011; Mondal & Denich, 2010) .
Mini-grids become more financially attractive when productive uses of electricity are considered. Following the initiative of the European Commission's EuropeAid Co-operation Office which implemented stand-alone hybrid wind-solar-battery systems in 130 localities of Peru (EURO-SOLAR, 2012), the project assumed that there are five laptops with internet access, a projector, vaccine refrigerator and water purifier at a community centre. The community centre is expected to operate 12 hours per day.
The electricity consumptions of the households and community centre were aggregated and entered into TRNSYS by using Type 9 -Data Reader. This component reads data at a regular time intervals making it www.ccsenet.org/jsd Journal of Sustainable Development Vol. 5, No. 11; available for other TRNSYS components (Klein et al., 2006 ). An equation unit is added to the model to multiply the load by 1.10. This is done since the system loss in the distribution lines was estimated to be 10% (MEM, 2011) . In consequence, the peak load is also increase by 10%.
System Description
The system distributes and supplies to the consumers in single phase AC 220 V, 60 Hz (the standard electric power supply in Peru). The system is designed to deliver AC electricity since there is a greater range of inexpensive AC domestic appliances available and to facilitate a potential future grid connection. The AC electricity is delivered in a single phase since there are not expected to be many energy-intensive appliances. The photovoltaic array generates DC electricity which is stored in the battery bank. The PV panels are connected through the battery charger. The system controller works also as an inverter. The components of the system were selected from the available range of national and international brands offered in the current Peruvian market.
Pre-sizing of the System
The final component sizes are the result of the optimisation process. However, it is convenient to start the optimisation with values of variables which are close to the optimal. This is made in order to speed up the convergence time. Different system configurations were simulated to visualise the cost of the system under different amounts of load sharing by the PV array and battery bank. The methodology for the pre-sizing is described in Kishore (2009) . Using the equations provided, the battery bank was sized for two, three and four days of autonomy. Life cycle cost (LCC) for the system was then calculated for the different system configurations. At this stage, the LCC was evaluated for 18 years. The results of the LCC analysis provided the limits of the variables for the optimisation study.
Optimisation
The sizing of the PV system can be regarded as an optimisation problem based on the cost of the project and power reliability (Zhou et al., 2010) . The selected objective function for this study is the LCC which considers the capital cost plus the annualised cost of operation and maintenance required throughout the lifetime of the project. The power reliability is handled as a constraint.
Based on Yang, Zhou and Lou (2009) , the LCC function to determine the optimal configuration of the stand-alone photovoltaic energy system includes the sizes of the PV array and the battery bank. The LCC was calculated using Equation 1.
where K n is the capital cost (in US$) of the component n, O&M n,y is the annualized operation and maintenance cost of the component n in the year y, and R n,y is the annualized replacement cost of the component n in the year
 is the constraint of the objective function.
The objective function includes a constraint in the equation to ensure the energy supply for the hourly energy demand of the project and is calculated using Equation 2.
where L h,y is the hourly required electricity and G n,h,y is the hourly generated electricity in the component n in the hour h in the year y respectively.
The optimisation algorithm used to evaluate discrete and continuous variables in GenOpt  was the Particle Swarm Optimisation (PSO) (Wetter, 2008) . The topology selected is von Newman, 3 particles, 200 generations, seed 0, cognitive acceleration constant of 2.8, social acceleration constant of 1.3 and velocity clamping with a maximum velocity gain of 0.5. The variation used is the PSO with constriction coefficient with a constriction gain of 0.5 (Boonbumroong, Pratinthong, Thepa, Jivacate, & Pridasawas, 2011) .
The variables to be optimised in this study are the number of PV panels and the battery bank capacity. GenOpt  permits discrete or continuous variables in the optimisation. The number of PV panels corresponds to a discrete variable and the battery bank capacity to a continuous variable. The battery bank was specified as a continuous variable since there are a variety of batteries with different capacities available in the market.
Financial Analysis
An analysis is also required to determine the financial feasibility of this energy project. The financial analysis includes the revenue from the collection of the electricity charges to the system users, the analysis of the LCC of the entire system, Net Present Value (NPV) and Levelised Cost of Electricity (LCOE). The NPV and the LCOE are evaluated for 25 years. The time horizon of 25 years was selected for the evaluation since this is the assumed lifetime of the PV panel, inverter, battery charger and controller of the system. The lifetime of the batteries was assumed to be 18 years.
Revenue Analysis
The price of electricity for the consumers considered in this project corresponds to the Rural Electricity Tariff for Photovoltaic Systems BT8-240 available from May 4 th , 2012. The current tariff for users without subsidy is US¢174 per kWh e . The discounted tariff for users including the subsidy is US¢35 per kWh e (Organismo Supervisor de la Inversion en Energia y Mineria [OSINERGMIN], 2012). The community centre is expected to be self-sufficient. This means that a reduced tariff will be charged for the use of the facilities. However, the investment cost analysis and operation, maintenance and management of the community centre are beyond the scope of this study.
Life Cycle Cost Analysis
The LCC considers the investment cost, O&M and the replacement costs. The investment cost of this project comprises the costs of the PV array, the battery bank, the battery charger, the controller, wiring and additional components. For this study, the costs of the wiring and additional components were assumed to be 10% of the cost of other components (PV array, battery bank, battery charger and controller). The investment cost generally includes the cost of the equipment plus the installation cost and any modification required in the equipment (Duffie & Beckman, 2006) . The cost of the system installation and other modification required was assumed to be 10% of the sum of the main components. According to Duffie and Beckman (2006) , the annual cost of an energy system includes fuel expenses, mortgage payments, maintenance and insurance, parasitic energy costs, property taxes minus the income tax savings. In this project, the only annual cost considered is the maintenance of the system.
Net Present Value
The NPV is one of the most comprehensive approaches for the financial evaluation of a project. The NPV method evaluates the future cash flows of the system in a real value basis. This is done by discounting the cash flows at a specific interest rate. In addition, the recurrent costs of the project can be assumed to inflate or deflate at a fixed inflation rate (Duffie & Beckman, 2006) . This study assumed an interest rate of 10% in line with IEA. The IEA argues that a lower rate would lead to significantly lower estimates for generation costs (IEA, 2010). The inflation rate selected for the project is 2.5%. It was taken from the Peruvian Survey on Macroeconomic Expectations of Inflation (INEI, 2012) . The NPV was calculated using Equation 3.
where CF is the annual cash flow for the year y, i is the interest rate and d is the discount rate.
Two additional parameters derived from the NPV were also evaluated for this project. They are the internal rate of return (IRR) and the payback period. The IRR is used to measure and compare the profitability of the project. The IRR on a project is the annualised compounded return rate that makes the NPV of all cash flows from a project equal to zero. The payback period definition considered in this study is the time needed for the yearly cash flow to become positive (Duffie & Beckman, 2006) .
Levelised Cost of Electricity
The LCOE is an abstraction from reality and is used as a benchmark or ranking tool to assess the cost-effectiveness of different generation technologies. The method considers the lifetime generated electricity and cost to estimate a price per unit of electricity generated. The method does not usually include risk and different actual financing methods available for the different technologies (Branker, Pathak, & Pearce, 2011) . For the purpose of this study, the electricity consumed was used in the LCOE assessment instead of the electricity generated. Since this is a stand-alone system, part of the energy produced that is not stored in the battery bank or supplied to the load is dumped. The LCOE was calculated using Equation 4. ) where LCC y is the life cycle cost in the year y of the project considering the discount rate and the inflation rate and E y represent the energy produced in kWh e in the year y.
Results and Discussion
Locality Selection
A locality within the Department of Apurimac was selected. The electricity coverage ratio for Apurimac was 64.5% in 2010 which was the second lowest ratio among other Departments of Peru. Moreover, it is predicted that Apurimac will be the Department with least electrification coverage (82.4%) in 2020 (DGER, 2010) . The selected village is Churrubamba Alta, in the district of Pacucha, in the province of Andahuaylas. This village has 62 households located at 13°37' south latitude, 73°20' west longitude at an altitude of 3 719 m above the sea level.
Meteorological Data
The data obtained from NASA (2012) ) and the maximum month is August (6.55 kWh/m 2 ). By using GenOpt  , the optimum slope was found to be 14.78˚ facing north. The hourly data is derived from the monthly data obtained from NASA by using TRNSYS Type 54a.
Typical Annual Load Profile
In the last national census, the locality of Churrubamba Alta had 62 households and no health services, primary or secondary schools (INEI, 2007) and there is only one kindergarten in the village. The closest site to obtain primary education and health services is Churrubamba which is located two km and 700 m lower than Churrubamba Alta and has no permanent availability of transport. The rural population in Apurimac is expected to shrink by 12% in the next ten years (INEI, 2007) . However, it is expected that a community with access to electricity increases its education and the average household income levels (Meir et al., 2010) , and in consequence, the electricity consumption. Thus, the future electricity demand was assumed to be same as the current electricity demand. The average Andean South rural household consumes 16.7 kWh e per month, which is about half of the average electricity used by the average Peruvian rural household (27.2 kWh e per month) (Meier et al., 2010) . Table 2 provides the assumptions made and calculations used to determine the electricity load. Vol. 5, No. 11; The total daily consumption for the 62 households of the project was estimated to be 34.7 kWh e and the peak load to be 7.57 kW. Figure 2 shows the load profile for Churrubamba Alta households. It should be noted that the electricity consumption is concentrated in the evening. The assumptions and calculations made for the community centre's peak power consumption and daily consumption are presented in Table 3 . The daily total electricity usage in Churrubamba Alta for 62 households and one community centre is 42.2 kWh e and the peak load is 8.34 kW (see Figure 4) . Vol. 5, No. 11; Figure 4. Total hourly load profile for 62 households and one community centre
Pre-sizing of the System
The battery bank capacity for two, three and four days of autonomy calculated using the equations from Kishore (2009) years demonstrated that the optimal value is closer to a battery bank storage for three days of autonomy (see Table 4 ). 
Optimisation
The pre-sizing narrows the range between the maximum and minimum values for the variables for the optimisation. The optimisation parameters for the number of PV panels and battery bank capacity are presented in Table 5 . The optimum number of PV panels was found to be 47 and the optimum battery bank capacity to be 174.74 kWh, which corresponds to 2.7 days of autonomy. The LCC for this configuration was US$67 682. The simulation for this configuration showed an average battery state of charge of 77%. At 2020 hour of the simulation time step the battery bank reaches its minimum allowable state of charge (20%), which is set to avoid battery overheating and consequence shortened life (Patel, 2006) .
The efficiency reduction after 25 years for the selected PV panel was assumed to be 20% (Liders, 2012) . Thus, the number of PV panels required was incremented by 20%. The final number of PV panels required is 57 (13.68 kW). Batteries offered in the market are not available to provide the exact battery bank capacity found by the optimisation. The nearest higher battery bank capacity is 180 kWh using 120 batteries of 750 Ah 2V, which are readily available in the market. Table 6 presents the final optimal system size. Further details about the optimisation and the system components can be found in Villanueva-Saberbein (2012) .
The use of the optimisation add-on for TRNSYS, GenOpt  helped to find an optimal size for the system in a reduced time. However, the selection of the constant value for the constraint in the objective function is a time-consuming manual process. As Wetter (2008) noted, the selection of a small value for the constant produces too big violation of the constraints and a large value can cause numerical problems. In this case, the TRNSYS-GenOpt  simulation was run ten times until the final stable value was found. 
Revenue Analysis
The annual revenue from the 62 households and the community centre electricity usage was estimated to be US$26 871 where 80% of the annual revenue comes from the government subsidy. The households contribute 16% of the total income and the remaining 4% comes from the community centre. Including the subsidy, the community centre contributes 20% of the total revenue. This community use of electricity favours the financial feasibility of the mini-grids.
Life Cycle Cost Analysis
The investment cost for the PV panels for this project was quoted by Peruvian distributors (Alegre, 2012 , pers. comm., 12 May 2012 DeltaVolt, 2012) . The price for the battery charger is US$650, based on the similar equipment available in the Peruvian market (ProViento, 2012) . According to Patel (2006) , the price of an inverter varies in relation to its nominal capacity. An inverter with a capacity up to 1 kW costs about US$1 500 per kW, for inverters from 1 to 10 kW the cost is US$1 000 per kW, inverters from 10 to 100 kW cost US$600 per kW and inverters up to 1 MW is US$400 per kW. These costs were considered for the selected controller. The total investment cost of the system is US$92 146 where 70% of this corresponds to the PV array and the battery bank (Table 6 ). The O&M cost considered in this research project is 1% of the PV system investment cost per year (IEA 2010). The annual O&M cost for the system is US$921. The replacement cost was considered for the battery. The lifetime of the batteries is 18 years. In the 18 th year it will be necessary to replace the entire battery bank. The present value replacement cost of the battery for the 18 th year is US$7 448. The total LCC for 25 years of lifetime of the system is US$117 480. These costs are shown in Table 7 .
Net Present Value
The financial parameters demonstrate the financial feasibility of this project (Table 8 ). The positive NPV and IRR greater than the discount rate (28%>10%) make the implementation of the system attractive for a private investor. Additional costs for the implementation of this project such as engineering, social and environmental consulting were not taken into account. However, these results demonstrate that additional costs are unlikely to render this project financially unviable. The payback period of the project is 4.27 years. The short term payback period increases the attractiveness of a project to financial institutions. Table 9 shows the LCOE of this project to be US$0.30 per kWh e . This is lower than the tariff BT8-240 with FOSE which is US$0.35 per kWh e . The tariff BT8-240 without the subsidy is US$1.74 per kWh e . Initially, this result suggests that fewer subsidies from the government are required to make this project feasible. However, further research is required to confirm this assumption. 
Levelised Cost of Electricity
Conclusions
Technical and financial analyses have been carried out for a stand-alone PV system for rural electrification in the Andean South region of Peru. The presented methods of analysis to assess PV mini-grids for rural electrification are replicable for other remote regions. Performance analysis was done using long-term meteorological data from NASA due to unavailability of measured data for the location selected. The NASA data was found to be in agreement with the Solar Atlas of Peru within an acceptable range. In general, the household electricity consumption in the Andean South region is low, which represents a barrier for grid extension and private investment. This study included the implementation of a leisure and health community centre for the productive use of electricity. The community centre represented about 20% of the total electricity consumption of the project and it improved the financial attractiveness of the project.
The simulations and optimisation, performed by using TRNSYS -GenOpt  , demonstrated the feasibility of the project. Based on the current costs of components for the stand-alone PV system, it is technically and financially feasible. The NPV, IRR and payback period results showed that the project is profitable and it represents a medium-term risk horizon for an investor. The result for the LCOE demonstrated that high government subsidies are not required. Overall, this study demonstrated that a stand-alone PV system is a suitable option for rural electrification in the Andean South region of Peru.
